Palladium-Nickel (Pd-Ni) hollow nanoparticles were synthesized via a modified galvanic replacement method using Ni nanoparticles as sacrificial templates in an aqueous medium. X-ray diffraction and transmission electron microscopy show that the as-synthesized nanoparticles are alloyed nanostructures and have hollow interiors with an average particle size of 30 nm and shell thickness of 5 nm. Compared with the commercially available Pt/C or Pd/C catalysts, the synthesized PdNi/C has superior electrocatalytic performance towards the oxygen reduction reaction, which makes it a promising electrocatalyst for alkaline anion exchange membrane fuel cells and alkali-based air-batteries. The electrocatalyst is finally examined in an H2/O2 alkaline anion exchange membrane fuel cell; the results show that such electrocatalysts could work in a real fuel cell application as a more efficient catalyst than state-of-the-art commercially available Pt/C. 
2 diffraction and transmission electron microscopy show that the as-synthesized nanoparticles are alloyed nanostructures and have hollow interiors with an average particle size of 30 nm and shell thickness of 5 nm. Compared with the commercially available Pt/C or Pd/C catalysts, the synthesized PdNi/C has superior electrocatalytic performance towards the oxygen reduction reaction, which makes it a promising electrocatalyst for alkaline anion exchange membrane fuel cells and alkali-based air-batteries. The electrocatalyst is finally examined in an H 2 /O 2 alkaline anion exchange membrane fuel cell; the results show that such electrocatalysts could work in a real fuel cell application as a more efficient catalyst than state-of-the-art commercially available Pt/C.
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Introduction
The oxygen reduction reaction (ORR) has been recognised as the kinetically limiting step in fuel cells and metal-air batteries due to sluggish reaction kinetics.
1-2 Platinum (Pt), the most efficient electrocatalyst for the ORR, is inhibited from large-scale commercialisation due to high cost, poor stability, and poor poisons resistance. [3] [4] [5] It has been well documented that the overpotential for the ORR will be significantly reduced in high pH (alkaline) environment, thus offering the possibilities of lower usage and wider selection of electrocatalysts other than platinum to be available for this catalytic reaction, [6] [7] while recent advances in the development of alkaline anion exchange membranes (AAEMs) has also seen the performance of anion exchange membrane fuel cell (AEMFC) approach that of the analogous, conventional acidic Nafion ® proton exchange membrane fuel cell (PEMFC). [8] [9] [10] This adds further incentive to the need to develop novel nanostructured electrocatalysts for the ORR in alkaline medium.
Palladium (Pd), with competitive intrinsic electrocatalytic performance towards the ORR compared to Pt, is less expensive and more abundant and has received considerable attention recently. 7, [11] [12] [13] [14] Pd alloyed with transition metals (Pd-TMs), such as Pd-Ni, [15] [16] Pd-Cu, [17] [18] [19] [20] 27 while the ORR performance was not improved, mainly because the larger lattice constant of silver would subject the Pd to a tensile strain effect, decreasing the electroactivity of Pd towards the ORR. 36 Pd-Co 37 and Pd-Cu 38 hollow nanostructures were also reported with large particle size (> 50 nm) but their ORR properties were not extensively studied due to the large particle size, which may decrease the active surface area. Thus, there is still an urgent need to develop Pd-TM bimetallic hollow nanostructures with catalytic oxygen reduction abilities in alkaline media.
In this report, we present novel hollow PdNi nanostructures synthesized via a modified galvanic process using Ni nanoparticles as sacrificial templates in aqueous solution.
Electrochemical testing to investigate the ORR effects showed that the as-synthesized PdNi had an outstandingly high mass activity of 588.97 mA g -1
Pd , which is 3.9 times higher than that of Pt/C, when the precursor ratio of Pd:Ni hours, and then the products were filtered and rinsed with water several times to remove the residual impurities in the catalysts, and then dried at 80°C overnight. This sample was denoted as X-ray diffraction (XRD) patterns were collected using a Bruker D8-Advance X-ray powder diffractometer with Cu Kα radiation (λ = 1.5406 Å). X-ray photoelectron spectroscopy (XPS) spectra were collected using a Thermo Scientific K-Alpha instrument. Metal contents of the products were determined using energy dispersive spectroscopy (EDS, Bruker) in SEM (JEOL-
7500FA) and inductively coupled plasma -mass spectrometry (ICP-MS 7500CS, Agilent
Technologies).
Electrochemical measurements
Electrochemical measurements were performed using the thin film rotating-disk electrode (TF-RDE) technique, as reported elsewhere. 39 The thin film electrode was prepared through placing 
Single Fuel Cell Test
The anion-exchange membranes used were electron-beam-grafted EFTE membranes (graft copolymerised) using vinylbenzyl chloride and functionalised using trimethylamine (University of Surrey); 10 the membrane used was of type S80, with membrane thickness ≈ 80 µm (thickness depends on hydration level) and ion exchange capacity IEC ≈ 1.3 meq g -1 . The anodes and cathodes were prepared as described previously. 10 In brief, the electrocatalyst ink with ca. 10 mass%. PTFE as binder were firstly sprayed on the gas diffusion layers (GDLs, 5cm 2 ) to a loading of 0.4 mg cm -2 and were then spray-treated with poly(vinybenzyl chloride) dissolved in ethyl acetate. The prepared GDLs were subsequently immersed in undiluted N, N, N', N'-tetramethylhexane-1,6-diamine (TMEDA) for 24 hours and then washed thoroughly with water.
The Pt/C was used as the electrocatalysts for anodes. For comparison purpose, the commercial ETek Pt/C and the Pd 1 Ni 1 /C were chosen and used as catalysts for cathodes. Before single fuel cell testing, the AAEMs and GDL electrodes were immersed in KOH(aq) (1 mol L -1 ) solution for 1 hour to give alkaline anion-exchange materials (OH -conducting polymer electrolyte and crosslinked ionomer). The membrane electrode assemblies (MEAs) were preparing by sandwiching the anode GDLs and the AAEMs and tested using an 850e fuel cell test system (Fuel Cell Technologies, Inc., USA) fed with humidified hydrogen and oxygen. The gas flow was controlled at 0.08 ml min -1 . The fuel cell measurements were carried out at 60°C under 15 psi (103 kPa) back pressure. The polarization curves were recorded using a potential scan method by holding the cell at each potential for 30 s in order to obtain the steady-state current value with a scan rate of 25 mV s -1 from 0.90 V to 0.25 V.
Results and Discussion
A schematic illustration of the synthesis of PdNi hollow nanoparticles is presented in Figure 1 , which is quite similar to the mechanism proposed in our previous work. 40 As the standard Impacts of the precursors' molar ratio on the morphology of the nanoparticles were carefully examined, as shown in Figure 3 . When the precursor ratio Pd/Ni is 3, the hollow feature can barely be observed due to the relatively thick shells of the nanoparticles (> 10 nm, Figure 3(A) ).
The shell thickness decreases, and the particle size slightly increases, with reduction of the Pd proportion. As a consequence, well-defined hollow shapes gradually appear. When the ratio of Pd/Ni is 0.5 in the precursor, some smaller nanoparticles with sizes of about 15 nm are also produced (Figure 3(D) ), which may be because the Pd ions were insufficient to consume all the Ni nanoparticles to form hollow shapes in the solution, causing the thus produced nanoparticles to be partially solid. This was evidenced by the single Ni peak on the XRD patterns ( Figure   4 (B)). The shell porosity was also changed when the ratio in the precursors was varied; with less Pd, the shell tended to be more porous.
XRD was employed to analyse the crystal structures of the hollow PdNi particles, as shown in Figure 4 (B). The diffraction peaks indicated that the structure could be indexed using a face- (low-energy band), reveal that Pd is metallic Pd(0) in the alloyed nanostructures. 41 When compared to data for pure Pd/C, the binding energy is lowered by ca. 0.8 eV , clearly showing the changes in the electronic structure of Pd, possibly due to the charge transfer between Ni and Pd in the alloyed shell. 16 To determine the metal composition of the hollow nanoparticles, ICP-MS tests were conducted. Table 1 Pd for Pt/C. Although the particle size of Pd 1 Ni 1 /C is much larger than that for Pd/C, it still shows a slightly higher ECSA than that of the Pd/C, mainly because of its hollow and porous characteristics.
The thin film rotating-disk electrode (TF-RDE) technique was used to study the ORR activities and kinetics at the Pd 1 Ni 1 /C, Pd/C, and commercial Pt/C electrodes. Figure 5 To study the electroactivities of the PdNi/C, Pd/C, and Pt/C in detail, the kinetic current has been calculated from the ORR polarization curves by considering the mass-transport correction using the Levich-Koutecky equation ( 1/݅ ൌ 1/݅ 1/݅ ௗ , where ݅ is the kinetic current and ݅ ௗ is the diffusion limited current), which is normalized against and then normalized to the mass and specific area of Pd or Pt to compare the mass activities and specific area activities of the catalysts. The mass activity and the specific area activity of the Pd ), we infer that the enhanced ORR activity of the PdNi/C can be ascribed to the unique hollow alloyed structures with porous shells of nanoparticles. Moreover, the changes in the surface electronic features through the introduction of a second metal to Pd would also contribute to the increased activity. 7 As suggested in the XRD patterns (Figure 4(A) ), the alloyed PdNi nanoparticles with a slightly smaller lattice parameters will cause the compress surface strain effect on the Pd skin (suggested in Figure   4 (B)) which is beneficial for the oxygen reduction reaction. 7, 42 A chronoamperometric study was conducted to determine the durability of the catalyst for the ORR (Fig 5(F) ). During the long (~ 8000 s) ORR test at -0.2 V, a 5% current loss for the hollow shaped Pd 1 Ni 1 /C was observed. In contrast, for Pd/C or commercial Pt/C, the current losses under identical conditions are more than 10%. These results clearly indicate the hollow PdNi/C is much more stable than the commercial Pt/C or Pd/C in terms of the catalytic activities of oxygen.
The TF-RDE technique is useful for identifying candidate materials but tests operated under conditions that are much closer to fuel cell operating conditions are necessary to demonstrate the practical performances of the electrocatalysts,. Anion exchange membrane fuel cell tests as described previously 10 were carried out in order to evaluate the performance of the catalysts in a practical environment. Figure 6 shows the polarization curves and power density curves of AEMFC tests with commercial E-Tek Pt/C and Pd 1 Ni 1 /C cathode catalysts, respectively. The peak power density obtained with the commercial E-Tek Pt/C electrocatalysts is 92 mW cm -2 at the loading of 0.4 mg cm -2 , which is compatible to the previous results. 10 Under the same testing conditions, the hollow Pd 1 Ni 1 /C electrode exhibits much higher power density and current density than those with Pt/C. The peak power density of the hollow Pd 1 Ni 1 /C electrode obtained at 0.4 V is 150 mW cm -2 , which is more than 1.7 times higher than that with the commercial Pt/C (90 mW/cm 2 ). In addition, at 0.4V the current density of the hollow Pd 1 Ni 1 /C is 375 mA cm -2 , which is 1.5 times larger than that of the Pt/C at the same voltage (current then 240 mA cm -2 ).
These results, which are consistent with the RDE results ( Figure 5 ), provide clear evidence to suggest that the Pd 1 Ni 1 /C electrocatalysts have the potential to perform as more promising and efficient electrocatalysts in alkaline membrane fuel cells (a working, real environment) when compared with state-of-the-art commercial Pt/C electrocatalyst.
Conclusion
We have described a modified galvanic replacement method to synthesize hollow PdNi * The lattice parameters were the average lattice spacings calculated from the three major reflections ( (111), (200), and (220)) of the alloyed nanoparticles; the Pd molar fraction were obtained assuming Vegard's law. For Table of Contents Only 
